In this work an impedimetric immunosensor based on affinity immobilization method of a biotin labelled anti-human IgG antibody, used as a model system, was reported. The experimental procedure involves the growth of a self-assembled monolayer of a thiol (cysteamine) carrying terminal amine groups on gold electrodes. Glutarardehyde, a homobifunctional cross-linker, was used as a coupling reagent for the covalent linking of avidin to the amine groups of cysteamine. The attachment of the biotin labeled antibodies (anti-Human IgG) to the subsequent modified gold electrode was achieved by affinity interactions tacking advantage of the strong avidin-biotin bridge. The stepwise assembly process of the electrode was interrogated by means of cyclic voltammetry, electrochemical impedance spectroscopy and contact angle measurements. The response of the antibody modified electrode to their target antigens was investigated in the presence of BSA (bovin serum albumin) in order to alleviate non-specific adsorption problems. A proposed electrical model was used to analyse the experimental data. The resulting immunosensor has a linear dynamic range of 100 -900 ng·ml −1 of antigen and a detection limit of 100 ng·ml −1 .
Introduction
For three decades, impedimetric immunosensors have been the subject of increasing interest as evidenced by the large number of reviewed published papers [1] - [5] . Basically, electrochemical impedance spectroscopy EIS is an alternative current technique that describes the response of an electrochemical cell to a small amplitude AC potential difference over imposed on a DC bias potential. The resulting current changes in time with respect to the perturbing voltage, and the ratio V(t)/I(t) is defined as the impedance (Z). Regularly 10 mV in amplitude or less was applied for several reasons. First, the current-voltage relationship is often linear only for small perturbations [6] [7] , and only in this regime impedance is defined. A second reason for using a small excitation signal is to avoid the denaturation biorecognition element. Thus, appropriately performed, electrochemical impedance spectroscopy does not damage the biomolecular probe layer, which is an important advantage over voltammetry and amperometry measurements where higher voltages are often applied. Furthermore, it is also considered as a label free technique as it doesn't require any special labelling [3] .
However, it is recognizable that the limits of label-free impedimetric immunosensor performances are more often fixed by the affinity step, attributed to the high specificity of immune interactions, than by the readout step itself. This suggests the need for further research efforts in bimolecular probe immobilization chemistry in addition to the minimization of non-specific binding. More particularly, the recognition immune species immobilization is considered to be the most important prerequisite for the fabrication of impedimetric immunosensor. For this reason, the key criteria during the immobilization process are how to fully maintain the immune probe, namely antibody or antigen, conformation and activity. Typically, the immune probe can be immobilized to the electrode surface either by covalent attachment or by affinity interactions [8] [9] . Although covalent binding provides a very stable recognition immune-layer, it can likely disrupt the immobilized proteins which in return drastically affect the performance of the derivative immunosensor. To overcome this critical drawback caused by covalent immobilization, affinity methods appear to be a promising alternative, as they ensure a high orientation of the immune probe without alteration of its activity [10] . Previously, IgG antibodies were directly attached to a cyano-terminated electro polymerized polypyrrole on gold electrode. The immobilization was achieved by electrostatic interaction between the amine groups on the Fc part of antibodies and the cyano terminal groups of the polymer [11] . Alternatively, proteins A and G, commonly used in affinity chromatography for antibody purification, were used to immobilize immunoglobulins IgG through their Fc region on the immunosensor electrode surface [12] . The IgG antibodies are attached to the electrode in a site-directed manner with their antigen-binding regions directed towards the analyte. Among the different affinity immobilization methods, immobilization based on biotin-avidin system for the binding of biotin labelled probes, has aroused considerable attention, as it contributes to improve significantly the immunosensors sensitivity and stability [13] [14] . Indeed, avidin-biotin bond formation is rapid and is usually unaffected by temperature, organic solvents and pH [14] . This method proved to have high control over the molecule orientation, which is an important requirement for the improvement of the immunosensor characteristics. However the major weakness of this method is the inevitability to label proteins with biotin prior to immobilization. Such immobilization strategy was already used by several groups to attach proteins to electrodeposited biotinylated polypyrrole film [15] - [20] .
Avidin, found in hens egg-whites, is a very fascinating protein because of its extraordinarily high binding affinity for biotin or biotin conjugated proteins. In fact, the biotin-avidin interaction is one of the strongest non-covalent interactions (affinity constant K a ~ 10 15 M −1
) [21] . Commonly, avidin was associated to biotin labelled polymer generated on the surface of solid electrodes either by electroplymerization or by self-assembling in order to immobilize biotin conjugate proteins [22] .
On the other hand, self-assembled monolayer (SAM) of different thiol chains has been intensively used as platform for the development of biosensors [23] . SAMs offer the possibility to get ultrathin organic film of controlled thickness and specific terminal functional groups requested for the immobilization of individual biomolecules [24] - [26] . Particularly, the modification of gold electrodes by simple SAM using cysteamine was widely used for the immobilization of proteins such as enzymes or antibodies [27] - [30] . Indeed, a label free impedimetric immunosensor for the detection of cancer biomarkers was developed, by covalent immobilization of specific antibody to cysteamine self-assembled monolayer on Au electrode surface using diisothiocyanate as a crosslinker [12] . Likewise, self-assembled cysteamine monolayer on Au electrode surface was used for direct non covalent immobilization of glucose oxidase in order to develop glucose biosensor [31] . Earlier, a QCM based biosensor for E. coli was developed via covalent immobilization of polyclonal antibodies onto gold-coated QCM quartz crystals via a cysteamine self-assembled monolayer using glutaraldehyde as a cross-linker [32] .
In this work, gold bare electrode was first modified by cysteamine. The amine-terminated SAMs modified electrodes were next functionalized with avidin using glutaraldehyde as a homobifunctional crosslinker. Biotinylated IgG antiboby (biotin conjugate human IgG) was then anchored to avidin via the formation of avidin biotin bridge. The different steps of the immunosensor fabrication were investigated by cyclic voltammetry, electrochemical impedance spectroscopy and contact angle measurements. Moreover, to the best of our knowledge, this is the first report based on the covalent immobilization of avidin on a self-assembled monolayer of cysteamine.
Experimental

Materials
Cysteamine: HS(CH 2 ) 2 NH 2 ·HCl (from Fluka), bovine serum albumin (BSA) (Sigma-Aldrich), glutaraldehyde: OHC(CH 2 ) 3 CHO (Sigma-Aldrich) were used to prepare the immunosensing surface. The antibody used was polyclonal anti-human IgG biotin conjugate developed in goat purchased from Sigma. The antigen was a human IgG reagent grade, from serum, purchased from Sigma. The supporting electrolyte was a phosphate buffer solution (PBS), prepared by dissolving one tablet of phosphate buffer saline, purchased from Sigma, in 200 ml of deionized water. The obtained solution consisted of a 10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM sodium chloride. The pH of the solution at 25˚C was 7.4.
Antibody Immobilization Procedure
First, the gold plate electrodes (99.99% pure) were cleaned for about 10 min in an etching solution: 1/4 (H 2 O 2 35%) 3/4 (H 2 SO 4 96%) at room temperature. The pretreated electrodes were immediately, thoroughly rinsed with deionized water in order to remove any deposited impurities, and then dried under a stream of nitrogen. Clean gold-plate electrodes were immersed in a 10 mM cysteamine in absolute ethanol solution overnight at room temperature. After rinsing with deionized water and drying with nitrogen, the gold plates were mounted inside the electrochemical cell. Next, a 2% solution of glutaraldehyde in PBS was injected into the cell for 30 min. Glutaraldehyde is a reactive crosslinking agent that binds amine groups located on cysteamine. This was followed by a PBS rinse to remove any unreacted glutaraldehyde from the electrode surface. Then, a 2 mg·ml −1 of avidin solution was injected for 30 min at 5˚C then followed by an excessive rinsing with deionized water to remove unreacted avidin molecules. Immediately after that, a solution of anti-human antibodies (10 µg/mL) in PBS was injected into the cell for 60 min. This step was followed by a PBS rinse to remove unbound antibody. Next, a BSA solution in PBS (10 mg/mL) was injected for 60 min to block the unreacted sites. A final PBS rinse was applied to remove unbounded BSA. The prepared electrode was then ready for the detection of the target antigen.
Contact Angle Measurements
Contact angles were obtained using the sessile drop method with a GBX Scientific Instrument (Romans, France). The drop image was stored by a video camera and an image analysis system calculated the contact angle (θ) from the shape of the drop. Millipore water was used as a probe for contact angle calculations. For each sample, 4 drops were analysed on each substrate. The drop volume was fixed to be about 2 μl in order to neglect the gravity effect and therefore to highlight only the interfacial phenomena. The results were processed using Windrop 2+ software.
Electrochemical Measurements
The electrochemical measurements were performed in a conventional electrochemical cell, with three electrodes and a volume of 3.5 ml. The counter electrode was a platinum plate with an active surface area of 0.48 cm 2 , whereas the active surface area of the working gold plate electrode, fixed by an O-ring seal, was 0.16 cm 2 . The polarization of the working electrode was fixed against a saturated calomel reference electrode (SCE), purchased from Radiometer Analytical S.A.
The various stages of the immunosensor build-up were interrogated by both cyclic voltammetry and impedance spectroscopy. Voltalab 80 impedance analyser from Radiometer Analytical Instrument S.A., controlled by computer, was used. The impedance measurements were carried out by scanning the frequency from 10 −2 to 10 
Results and Discussion
As detailed in the experimental section, avidin was covalently attached to the amine terminal amine groups of a self-assembled monolayer of cysteamine spontaneously generated on clean bare gold electrode, using a homobifunctional crosslinker: glutaraldehyde. Biotinlabeled anti Human IgG antibody was anchored to the subsequent avidin derivative electrode via the formation of avidin-biotin bridge. Then BSA was used as blocking agent. Schematic of cysteamine SAM-based antibody immobilization strategy is depicted in Figure 1 . The immobilization steps were evaluated following different characterization techniques.
Cyclic Voltammetry
Cyclic voltammogram of electroactive probes was widely used as a convenient tool to monitor the various stages of the immunosensor buildup [5] [23] . Ferri/ferrocyanide system was chosen for its stability and reversible behavior. Figure 2 shows cyclic voltammograms using 10 mM K 3 Fe(CN) 6 3−/4− as a redox probe in PBS at pH = 7.4, obtained at Au bare electrode, Au/cysteamine, Au/cysteamine/glutaraldehyde/and Au/cysteamine/glutaraldehyd/avidin. As expected, when the electrode surface is modified, the electron transfer kinetics of F e (CN) 6 3−/4− is perturbed. As reported in Table 1 , the stepwise assembly of cysteamine, glutaraldehyde and avidin molecules on gold electrode is accompanied by a decrease of the amperometric response of the redox probe on the electrode. In fact, at the pH = 7.4, most of the amino groups of cysteamine are almost neutral (pKa = 8.27) [34] , and the cysteamine layer exhibits practically an insulating behavior. Further modification of surface with glutaraldehyde then by avidin, led to further decrease in current of the redox couple Ip, and increase in the peak-to-peak separation ∆Ep. This can be ascribed to surface blockage, as well as to the increase of the insulating properties of the surface. This is consistent with the increase of electron transfer barriers introduced upon the assembly of these layers and approves that cysteamine SAMs was successfully immobilized [35] [36] .
Moreover, quantitative analysis of the electrode coverage can be evaluated through the cyclic voltammetric plots [37] [38]. The surface coverage (θ) was calculated from the equation:
, where Q bare is the charge of the bare electrode and Q SAM is the charge of the modified electrode by cysteamine, calculated from the area under the redox peak on the cyclic voltammograms (Figure 2) . The surface coverage of the electrode after immobilization of cysteamine was found to be 33%, indicative of the porosity of the generated layer. This explains why the faradaic process of oxidation and reduction of the redox couple is only partially inhibited after the deposition of the SAM layer. It is worth mentioning that the differences in the length of carbon chains of monomers may lead to distinctions in the packing of the SAMs formed by these thiols. Hence, for the alkanethiols with shorter chain length like cysteamine, the decrease of the redox peaks is lower than obtained with long chain length [39] .
Contact Angle Measurements
Further characterization of the cysteamine self-assembled layer was performed using contact angle measurements. The water contact angle for the cleaned bare gold electrode was found to be 85˚. After the immobilization of cysteamine the contact angle decreased to 45˚ which is consistent with the results established in literature [40] . In fact, the terminal basic amino groups of cysteamine increase the hydrophobicity of electrode surface which leads to a decrease of the contact angle with respect to the naked electrode. Hence, Contact angle measurements provide additional evidence that self-assembled monolayer was formed on the gold electrode.
Impedance Spectroscopy
In conjunction with cyclic voltammetry, EIS was frequently used to further characterize the stepwise modification of immunosensor [41] [42] . Initially, we have investigated the bias potential impact on the electrode-solution interface impedance. For this purpose, the impedance plots were carried out for the Au/cysteamine electrode at various bias potentials (Figure 3) . The impedance measurements show typical curves for thiol self-assembled layer on metal [26] [37] [40] . For all potentials, the impedance spectra represented in the complex plane (Nyquist plots) consist of a semicircle portion at higher frequencies. When the potential is zero, a linear part appeared at low frequencies corresponding to the diffusion controlled process also known as the Warburg impedance. This behavior is attenuated with the decrease of the bias potential and vanished quasi-totally at a potential of −1.2 V so that Warburg impedance was no longer observed. Thus, since antibody-antigen interaction is an interface phenomenon, it occurs also at low frequencies in the electrochemical impedance spectrum so that the diffusion phenomena could mask it. Consequently, in order to minimize the former phenomena a bias potential of −1.2 V was always applied for the following investigations. Hence, the lower background impedance of the Au/cysteamine system at this potential (−1.2V) would better reveal the contribution of stepwise modification to the total impedance. For this purpose, the impedance spectra of the cysteamine self-assembled layer, after the successive bindings of glutaraldehyde, avidin and antibody (anti-human IgG) have been recorded (Figure 4) . The diameter of the semicircle was shown to increase after each step modification indicating the increase of the charge transfer resistance. These changes in the electron transfer resistance provide a strong evidence for the successful elaboration of the immunosensor starting from the SAM layer formation to antibody immobilization.
To complete the impedance investigations of the SAM layer, impedance spectrum of the cysteamine/Au electrode at a bias potential of −1.2V, was fitted to an equivalent electric circuit. Although this approach is useful, where an equivalent circuit is able to mimic the behavior of the real system, the more often adopted circuits are too simplistic so that the involved electric elements are physically meaningful.
Indeed, the electrochemical system is described by an equivalent circuit involving three parts ( Figure 5) . The first part associated with high frequency domain includes the electrolyte resistance R s related to the bulk properties of the electrolyte solution. A second part, for intermediary frequency, attributed to the self-assembled layer, consists of parallel combination of a resistance R 1 and a constant phase element CPE 1 . Where R 1 refers to the resistance of cysteamine layer and CPE 1 denotes the constant phase element substituting the capacitance of this layer and emphasizes the electrode nonidealities [7] . The third part, at low frequencies, includes in parallel combination a constant phase element CPE 2 that substitutes the well-known double layer capacitance (C dl ) with a charge transfer resistance R ct reflecting the easiness of electronic transfer between the bare electrode and the redox probe. Actually, The first parallel R//CPE was attributed to the electrode-film interface whereas the second was attributed to the film-solution interface. Curve fitting of the experimental data was performed with Zplot/ Zview Software (Scribner Associate Inc, Southern Pines, NC, USA). The perfect superposition between the experimental curve and the theoretical one revealed the goodness of the equivalent circuit used (χ 2 = 1.04 × 10 −4 ) ( Figure 6) .
It is worth mentioning that impedimetric immunosensors cannot discriminate between specific and nonspecific interactions except through biorecognition element selectivity. Therefore, to alleviate the problem of non-specific binding causing false positive signal, the sensor surface is often pre-exposed to a solution containing a blocking agent such as bovin serum albumin (BSA) which adsorbs non-specifically reducing the eventual non-specific binding [32] [43] . Herein, in order to reduce nonspecific effects, 5% of BSA was permanently present in the buffer solution. 
Antigen Detection
In order to quantify the response of the sensor, the antibody-functionalized electrode was exposed to different concentrations of antigen (human IgG reagent) and impedance measurements were performed for each concentration. As depicted on Figure 7 the increment of antigen concentration leads to gradual increase of the semicircle diameter in the Nyquist plots, typically attributed to the charge transfer resistance (Rct) of the bio-layer. Hence, the increase of the antigen concentration indicates a significant increase in the electron transfer resistance and thus increased the barrier for the electron transfer between the redox probe and the electrode surface. Alternatively, representation of the impedance spectra in the so-called Bode plan is shown. In this representation, it is obvious that the main changes in the impedance character occurred at low frequency (Figure 8). 
Calibration Curve
Although, there is no standard method for determining immunosensor calibration curve [44] , usually the changes in model elements extracted from fitting of raw impedance data to an equivalent model are reported as the sensor output [45] . Occasionally, the impedance at a particular frequency is also used. In the beginning, since the more important change in impedance occurs at a frequency 0.1 Hz, the latter was chosen for the study of the sensor response. So, to construct a calibration curve for the sensor, the variation of log (Z/Z 0 ) was plotted versus the values of the target antigen concentration at frequency of 0.1 Hz. Where Z 0 the modulus of the impedance of the antibody modified electrode before the injection of antigens and Z is that of the same electrode after each antigen injection. A typical calibration curve for antigen is shown in Figure 9 . This calibration curve was linear with antigen concentration from 100 to 900 ng·ml −1 , and then curved gradually at higher concentrations indicating the saturation of the specific binding sites. So, the immunosensor had a linear dynamic range from 100 to 900 ng·ml −1 and a detection limit of about 100 ng·ml −1 . Likewise, the impedance data were fitted by above-mentioned circuit of Figure 5 and the variation of calculated CPE 2 and Rct attributed to the recognition event were plotted versus the target concentration as depicted in Figure 10 . Actually, Rct controls the interfacial electron-transfer rate between the redox probe in solution and the electrode surface. As result, the growth of an insulating layer due to antigen-antibody complexes formation on the electrode surface is expected to hinder the ability of the redox probe to penetrate the electrode/electrolyte interface and therefore enhance the charge transfer resistance. As shown in Figure 10 , there is a linear increase in Rct with increasing concentrations of the target antigen from 100 ng·ml −1 to 900 ng·ml −1 . After this point a plateau was reached and a further increment of target amount did not correspond to any appreciable enhancement of the Rct. In contrast, the constant phase element CPE 1 provides an insignificant decrease with the increase of the antigen concentration. In fact, since CPE is analogous to a capacitance it depends formally on the change in dielectric properties and/or thickness of the dielectric layer at the electrode-electrolyte interface following the antibody-antigen complex formation. However, the insulating layer should be thin enough and pinhole free, unless capacitance changes allocated to the binding of the analyte to the receptor might not provide significant additional change in the capacitance.
Conclusion
Avidin was, for the first time, covalently linked to a self-assembled monolayer of cysteamine generated on a bare gold electrode. By combining the strong affinity of the avidin-biotin system with the high orientation of self-assembled thiol layers, we were able to design an impedimetric immunosensor that has a wide dynamic range, from 100 ng·ml −1 to 900 ng·ml −1 and a very low detection limit 100 ng·ml −1 . It is expected that such combined strategy will be useful for the development of electrochemical immunosensors for the detection of other analytes.
